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Abstract

A multiscale pharmacodynamic model was developed to characterize the receptor-mediated, 

transcriptomic, and proteomic determinants of corticosteroid (CS) effects on clinically relevant 

hepatic processes following a single dose of methylprednisolone (MPL) given to adrenalectomized 

(ADX) rats. The enhancement of tyrosine aminotransferase (TAT) mRNA, protein, and enzyme 

activity were simultaneously described. Mechanisms related to the effects of MPL on glucose 

homeostasis, including the regulation of CCAAT-enhancer binding protein-beta (C/EBPβ) and 

phosphoenolpyruvate carboxykinase (PEPCK) as well as insulin dynamics were evaluated. The 

MPL-induced suppression of circulating lymphocytes was modeled by coupling its effect on cell 

trafficking with pharmacogenomic effects on cell apoptosis via the hepatic (STAT3-regulated) 

acute phase response. Transcriptomic and proteomic time-course profiles measured in steroid-

treated rat liver were utilized to model the dynamics of mechanistically relevant gene products, 

which were linked to associated systemic end-points. While time-courses of TAT mRNA, protein, 

and activity were well described by transcription-mediated changes, additional post-transcriptional 

processes were included to explain the lack of correlation between PEPCK mRNA and protein. 

The immune response model quantitatively discerned the relative roles of cell trafficking versus 

gene-mediated lymphocyte apoptosis by MPL. This systems pharmacodynamic model provides 

insights into the contributions of selected molecular events occurring in liver and explores 

mechanistic hypotheses for the multi-factorial control of clinically relevant pharmacodynamic 

outcomes.
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Introduction

The corticosteroids (CS) comprise an important class of anti-inflammatory agents widely 

used in the treatment of various immunological disorders such as rheumatoid arthritis [1], 

asthma [2], and systemic lupus erythematosus [3]. Despite a rise in the clinical use of 

targeted biologic therapies for autoimmune diseases, CS remain a mainstay due to their 

widespread anti-inflammatory and immunosuppressive effects. However, high dose or 

chronic CS therapy elicits various adverse metabolic effects in multiple tissues including 

bone, muscle, adipose, and liver, complicating their safety-to-efficacy profile [4].

While some actions of CS such as immune cell trafficking and adrenal suppression are rapid 

in onset [5], most effects of CS are mediated through delayed genomic mechanisms. These 

mechanisms include the steroid binding to its cytosolic receptor which leads to activation, 

dimerization, and translocation of the drug-receptor complex into the nucleus, thereby 

regulating message and protein expression by various mechanisms [6], including 

transactivation and transrepression. Mechanisms involved in CS action from molecular to 

systems physiology have been characterized. Pharmacokinetic/pharmacodynamic (PK/PD) 

models to quantitate the transcriptomic actions of CS in multiple tissues have resulted [7–

13]. Although highly useful in understanding the mechanisms of pharmacogenomic 

regulation by CS, transcriptomic approaches are limited in that changes in mRNA 

expression may not correlate with, and hence fully reflect, drug effects [14, 15]. Since 

proteins are the direct mediators of drug-induced functional changes [16], incorporation of 

pharmacoproteomic information into mechanistic models can yield a better understanding of 

molecular drug actions. In addition, unique insights on regulatory networks can be gained 

from a ‘multi-omics’ integration [17].

The liver, one of the most sensitive organs to CS exposure, is involved in regulating essential 

physiological processes including amino acid metabolism, glucose regulation, and immune 

functioning [18, 19]. Tyrosine aminotransferase (TAT), the major rate-limiting enzyme 

involved in tyrosine metabolism, is transcriptionally regulated by CS in liver [20]. TAT and 

other aminotransferase enzymes break down amino acids, providing α-keto acid substrates 

for hepatic gluconeogenesis. Gluconeogenesis, which involves the rate-limiting enzyme, 

phosphoenolpyruvate carboxykinase (PEPCK) [21], stimulates hepatic glucose output and 

consequently, raises blood glucose concentrations. However, systemic glucose homeostasis 

is controlled not only by CS (via PEPCK) [22] but also other hormonal inputs such as 

insulin and glucagon [23, 24]. Separate models describing PEPCK mRNA regulation by CS 

[11] and the glucose-insulin system [23, 25] have been reported. In addition to its effects on 

energy metabolism, the CS also affect immune function through various mechanisms, 

including the production of acute phase proteins, which are associated with inflammation, 

tissue repair, and immune cell activity [26]. While models describing the ‘rapid’ effect of CS 

on inhibiting the trafficking of immune cells from tissues to the vascular space have been 

developed [5, 27], a mathematical basis for the ‘delayed’ genomic mechanism of CS action 

on immune cell apoptosis via the acute phase response (APR) has not been investigated. A 

model-based integration of both mechanisms is necessary to understand the 

immunopharmacodynamic actions of CS occurring in vivo.
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We previously conducted a study wherein a population of animals received a single dose of 

the synthetic CS methylprednisolone (MPL), with multiple animals sacrificed at 11 time 

points following dosing, and livers harvested for proteomic analysis. The development of a 

robust and reproducible ion-current-based quantitative nano-LC/MS method that enabled 

assessment of drug-induced dynamic proteomic changes in vivo, and its application in 

examining the temporal proteomic response of liver from these animals was reported [28]. 

One of the major applications for this investigation was the development of mechanism-

based PK/PD models that would provide a more wholistic depiction of CS actions occurring 

at the molecular level.

In this study, we developed a mechanism-based pharmacokinetic, pharmacodynamic, 

pharmacogenomic, and pharmacoproteomic (PK/PD/PG/PP) model, which integrates MPL 

pharmacokinetics, glucocorticoid receptor (GR) dynamics, expression of mRNA and protein 

biomarkers, and whole-body physiological measures using quantitative systems approaches 

to gain expanded insights into the dynamic effects of CS occurring in vivo. Temporal mRNA 

expression profiling using microarrays and high-throughput proteomic profiling using mass-

spectroscopy strategies were integratively employed for developing mechanistic models 

describing the actions of CS and other intermediary controlling factors on: (i) TAT 

regulation at the levels of mRNA, protein, and enzyme activity, (ii) hepatic regulation of 

systemic glucose homeostasis, and (iii) blood lymphocyte modulation via direct (trafficking) 

and indirect (genomic) mechanisms.

Materials and methods

Experimental

Animal procedures—The data for this study comes from two sets of animal experiments 

performed in adrenalectomized male Wistar rats (Harlan Sprague–Dawley Inc., Indianapolis, 

IN), in which the endogenous glucocorticoid production is negligible. Our research protocol 

adheres to the ‘Principles of Laboratory Animal Care’ (NIH publication 85–23, revised in 

1985) and was approved by the University at Buffalo Institutional Animal Care and Use 

Committee. The first set of experiments consists of 47 animals (group 1), which were given 

a single intravenous (IV) dose of 50 mg/kg of MPL succinate and sacrificed at different time 

points between 0 and 72 h. The second set of experiments consists of 55 animals (group 2) 

given a single intramuscular (IM) dose of 50 mg/kg of the same drug. The liver from these 

animals was perfused with cold heparinized saline (5 mL of heparin/1 L saline) before 

sacrifice to remove blood (as blood proteins can hinder accurate proteomic profiling in the 

tissue) and the animals were sacrificed at different time points between 0 and 66 h. Liver 

harvested from animals from both experiments were flash frozen in liquid nitrogen and 

stored at − 80 °C until further analysis. More information about the animal procedures can 

be obtained from our previous reports [28, 29].

Microarrays—Samples of 100 mg of powdered liver from each animal (group 1) were 

added to 1 mL of TRIzol Reagent (Invitrogen, Carlsbad, CA). Total RNA extractions were 

carried out according to manufacturer’s instructions and were further purified using RNeasy 

columns (QIAGEN, Valencia, CA). RNAs were quantified spectrophotometrically and purity 
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and integrity were assessed by agarose gel electrophoresis. Isolated RNA from each 

individual liver was used to prepare target according to manufacturer’s protocols. The 

biotinylated cRNAs were hybridized to 47 individual Affymetrix GeneChips Rat Genome 

U34A (Affymetrix, Inc.), which contained 7000 probe sets. The high reproducibility of in 

situ synthesis of oligonucleotide chips allows accurate comparison of signals generated by 

samples hybridized to separate arrays. More information about this data set can be obtained 

from Gene Expression Omnibus (GEO) database (GSE490).

Proteomics—Proteins from perfused and flash frozen livers obtained from animals (group 

2) were extracted, digested, and analyzed using a nano-LC/MS instrument. The Nano Flow 

Ultra-High Pressure LC system (nano-UPLC) consisted of a Spark Endurance autosampler 

(Emmen, Holland) and an ultra-high pressure Eksigent (Dublin, CA) Nano-2D Ultra 

capillary/nano-LC system, with a LTQ/Orbitrap XL mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA) used for detection. Protein quantification was based on the area 

under the curve (AUC) of the ion-current peaks. A more detailed description of our 

analytical methodology was published [28, 30].

Other measurements—The MPL concentrations were determined in both groups by 

normal phase high performance liquid chromatography (HPLC) with a lower limit of 

quantification of 10 ng/mL [31]. The TAT and PEPCK mRNA expression were measured in 

animals (group 1) using gene-specific TaqMan-based qRT-PCR assays as previously 

described [9, 11]. The TAT activity in freshly prepared liver homogenate (group 2) was 

determined by the Diamondstone colorimetric assay and is reported as the change in 

absorbance at 331 nm over time [32]. The values were normalized for protein concentrations 

of the crude liver supernatant measured using the Lowry assay [33]. Plasma insulin 

concentrations were quantified (group 1) using a rat-specific enzyme-linked immunosorbent 

assay kit (1-2-3 Rat Insulin ELISA, ALPCO Diagnostics, Windham, NH) [23]. Plasma 

glucose concentrations were measured in rats from group 2 using the glucose oxidase 

method (Sigma GAGO-20; Sigma-Aldrich, St. Louis, MO). Lymphocytes were counted in 

whole blood (group 2) using a Cell-Dyne 1700 instrument (Abbott Laboratories, Abbott 

Park, IL). Total lymphocyte counts were obtained by multiplying total number of leukocytes 

by the proportion of lymphocytes in total leukocytes.

Mechanism-based mathematical modeling

Figure 1 provides a general schematic for the entire systems pharmacodynamic model for 

MPL actions in liver as described by Eqs. (1) to (40).

MPL pharmacokinetics—MPL plasma concentrations following IV and IM dosing were 

modeled simultaneously. A two-compartment model with linear elimination was used to 

describe the plasma PK of MPL. In addition, two absorption components from the injection 

site was used to describe the absorption kinetics of MPL following IM dosing [34]. 

Equations and initial conditions (IC) describing the model are:
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V c
dCp(IV )

dt = − CL ⋅ CP − CLD ⋅ CP + CLD ⋅ CT

IC = D(IV )
V C

(1)

V c
dCp(IM)

dt = ka1 ⋅ D(IM) ⋅ F ⋅ Fr ⋅ e−ka1t + ka2 ⋅ D(IM) ⋅ F 1 − Fr ⋅ e−ka2t

− CL ⋅ CP − CLD ⋅ CP + CLD ⋅ CT IC = 0
(2)

V T
dCT
dt = CLD ⋅ CP − CLD ⋅ CT IC = 0 (3)

where C and D represent the concentration and dose of MPL in the corresponding plasma 

(P) and tissue (T) compartments, Fr and (1 – Fr) are fractions of dose absorbed through the 

absorption pathways described by first-order rate constants ka1 and ka2, CL is clearance from 

the central compartment, CLD is the distribution clearance, F is the overall bioavailability of 

MPL after IM injection, and Vc and VT are the central and peripheral volumes of 

distribution.

Receptor dynamics—The molecular receptor-mediated mechanisms governing CS 

actions were used for developing the PK/PD/PG/PP model. The dynamics of drug-receptor 

complex and feedback inhibition of receptor production at the mRNA level was used as 

previously described [35]. The equations describing the receptor dynamics are:

dR
dt = ks, GR ⋅ GRm − kd, GR ⋅ R − kon ⋅ fmpl ⋅ Cp ⋅ R + kre ⋅ Rf ⋅ DRn IC = R

(0)
(4)

dDR
dt = kon ⋅ fmpl ⋅ Cp ⋅ R − kt ⋅ DR IC = 0 (5)

dDRn
dt = kt ⋅ DR − kre ⋅ DRn IC = 0 (6)

dGRm
dt = ks, GRm ⋅ 1 − DRn

DRn + IC50, GRm
− kd, GRm ⋅ GRm

IC = GRm(0)
(7)

where symbols represent the free cytosolic glucocorticoid receptor (R), cytosolic drug-

receptor complex (DR), nuclear translocated drug-receptor complex (DRn) and receptor 

mRNA (GRm) concentrations. The ks,GR and kd,GR are first-order rate constants for the 

production of free receptor from the translation of GR mRNA and the degradation of the free 

receptor, kon is the second-order rate constant for formation of drug-receptor complex (DR) 

by the binding of free ligand and receptor in the cytosol, and kt is the first-order rate constant 
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for translocation of the drug-receptor complex from cytosol (DR) into the nucleus (DRn). 

Part of DRn may recycle back to the cytosol controlled by the rate constant Rf·kre with the 

remainder degraded by rate constant (1 – Rf)·kre, and ks,GRm and kd,GRm are rate constants 

for the production and degradation of the receptor mRNA. The IC50,GRm is the concentration 

of DRn at which the synthesis rate of GR mRNA is reduced to 50% of its baseline.

Equations (4) and (7) yield the following baselines:

ks, GRm = kd, GRm ⋅ GRm(0) (8)

ks, GR = kd, GR ⋅ R(0)
GRm(0) (9)

where GRm(0) and R(0) are the baseline values of receptor mRNA and free cytosolic GR 

density. These baseline values were fixed as the mean values obtained in liver from the 

control animals [9]. Parameters from our previous report [36] were used to simulate receptor 

dynamics and produce the driving force for genomic CS actions in the present study (Table 

1).

TAT dynamics—TAT is a highly studied biomarker of CS in liver. The CS are known to 

regulate hepatic TAT expression at the transcriptional level via transactivation, where the 

nuclear drug-receptor complex binds multiple glucocorticoid-response elements (GREs) 

located in the 5′-promoter region of the TAT gene, and alters the rate of synthesis of TAT 

mRNA. In the proposed model, drug-receptor complex in the nucleus (DRn) stimulates TAT 
mRNA expression (TATm), with the mRNA production and degradation controlled by rate 

constants ks,TATm and kd,TATm and stimulation by constant SDRn
TATm. The changes in TAT 

mRNA expression are translated to changes in TAT protein (TAT) and subsequently to TAT 

activity (TATa). The ks,TAT and kd,TAT and ks,TATa and kd,TATa represent production and 

degradation rate constants of TAT protein and activity. The γ1 parameter is an amplification 

factor representing the translational efficiency of TAT mRNA to protein. Similarly, γ2 

represents the post-translational efficiency of TAT protein to TAT activity.

dTATm
dt = ks, TATm ⋅ 1 + SDRn

TATm ⋅ DRn − kd, TATm ⋅ TATm
IC = TATm(0)

(10)

dTAT
dt = ks, TAT ⋅ TATm

γ1 − kd, TAT ⋅ TAT IC = TAT (0) (11)

dTATa
dt = ks, TATa ⋅ TAT γ2 − kd, TATa ⋅ TATa

IC = TATa(0)
(12)

At time 0, the TAT pathway was assumed to be at its physiological steady-state, and Eqs. 

(10) to (12) yield the following baselines:
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ks, TATm = kd, TATm ⋅ TATm(0) (13)

ks, TAT = kd, TAT ⋅ TAT (0)
TATm

γ1(0) (14)

ks, TATa = kd, TATa ⋅ TATa(0)
TAT γ2(0)

(15)

where TATm(0), TAT(0); and TATa(0) are the baseline values TAT mRNA, protein, and 

activity. These baseline values were estimated during model fittings.

PEPCK–insulin–glucose dynamics—The liver is a primary metabolic target of CS, 

where hepatic glucose output (HGO) is governed by glycogenolysis and gluconeogenesis. 

The CS strongly influence gluconeogenesis by affecting the availability of gluconeogenic 

precursors and by enhancing the expression of key gluconeogenic enzymes, including 

phosphoenolpyruvate carboxykinase (PEPCK), which in turn increases HGO. The molecular 

mechanisms of PEPCK regulation are, however, complex and only partially resolved. In 

addition to direct transcriptional regulation of PEPCK by CS via two complex GREs located 

within the PCK promoter region [37], the CCAAT/enhancer-binding protein-beta (C/EBPβ) 

as well as the cyclic AMP (cAMP) response element binding protein (CREB) regulate 

PEPCK expression [38–41]. Of interest, CS stimulate the expression of CREB and the 

C/EBP isoforms in vitro [42, 43], suggesting intertwined mechanisms of PEPCK regulation 

[44]. Added complexities in glucose control stem from the glucose-insulin feedback system 

[25], where increased insulin production from pancreatic β-cells in response to 

hyperglycemia counterbalances elevated plasma glucose, by promoting its utilization in 

peripheral tissues such as skeletal muscle. Based upon these biological mechanisms, a model 

consisting of single and tandem indirect responses, simple transduction, and feedback 

processes was developed to describe the receptor-mediated, genomic, and proteomic 

determinants of MPL (and insulin) effects on hepatic glucose regulation.

Enhancement of C/EBPβ mRNA

The CS causes an enhancement of C/EBPβ mRNA by stimulating its synthesis rate driven 

by the nuclear complex. The following equation describes the action of MPL on C/EBPβ 
mRNA synthesis:

dC /EBPβm
dt = ks, C /EBPβm ⋅ 1 + SDRn

C /EBPβm ⋅ DRn − kd, C /EBPβm ⋅ C /EBPβm
IC = C /EBPβm(0)

(16)

The C/EBPβm is the C/EBPβ message level in liver expressed as fold-change compared to 

control animals. The DRn stimulates the expression of C/EBPβ mRNA, with the mRNA 

production and degradation controlled by rate constants ks,C/EBPβm and kd,C/EBPβm and 

stimulation by constant SDRn
C /EBPβm.
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The message level was assumed to be at steady-state at time 0 (control animals), with Eq. 

(16) yielding the baseline:

ks, C /EBPβm = kd, C /EBPβm ⋅ C /EBPβm(0) (17)

where C/EBPβm(0) is the baseline value of normalized C/EBPβ mRNA. The obtained 

parameters were fixed to produce C/EBPβ mRNA dynamics in the following data analysis.

Enhancement of PEPCK mRNA and protein

The regulation of PEPCK mRNA by CS was modeled as described by Jin et al. [11] using 

Eqs. (18) and (19). The synthesis rate of PEPCK protein was assumed to be under the 

control of its message expression (PEPCKm), C/EBPβ (C/EBPβm), as well as a DRn—

induced biosignal representing CREB. The equations are:

dGMD
dt = kGMD ⋅ DRn − GMD IC = 0 (18)

dPEPCKm
dt = ks, PEPCKm ⋅ 1 + SDRn

PEPCKm ⋅ DRn − kd, PEPCKm

⋅ 1 + SGMD
PEPCKm ⋅ GMD ⋅ PEPCKm

IC = PEPCKm(0)

(19)

dCREB
dt = kCREB ⋅ DRn − CREB IC = 0 (20)

dPEPCK
dt = ks, PEPCK ⋅ PEPCKm

γ ⋅ 1 + SC /EBPβm
PEPCK ⋅ CEBPβm − CEBPβm(0)

+ SCREB
PEPCK ⋅ CREB − kd, PEPCK ⋅ PEPCK

IC = PEPCK(0)

(21)

where GMD is the concentration of a presumed secondary biosignal mediated by the 

glucocorticoid-mediated mRNA decay (GMD) mechanism [45, 46], responsible for the 

stimulation of PEPCK mRNA degradation (kd,PEPCKm) by constant SGMD
PEPCKm. A linear 

transduction model [47] was used to describe this biosignal, which was generated from DRn 

at the first-order rate kGMD. The DRn stimulates the PEPCK message synthesis rate 

(ks,PEPCKm) by constant SDRn
PEPCKm. The PEPCKm is expressed as femtomoles per gram of 

liver. The assumed time-profile of CREB was driven by DRn at the first-order rate kCREB, 

which was fixed to a value of 2.77 h−1 to denote the in vitro half-life of activated CREB, 

which is reported to be 10–20 min [48]. The PEPCK protein was translated from its mRNA 

at the first-order rate ks,PEPCKm with efficiency factor γ and degraded at the first-order rate 

kd,PEPCK. The γ indicates that a variable number of copies of protein could be synthesized 

from a single mRNA transcript. The stimulation of translation by C/EBPβ and the CREB 

signal at constants SC /EBPβm
PEPCK  and SCREB

PEPCK were assumed to be the major modes of 
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molecular regulation of PEPCK at the level of protein expression. The fold-change of C/

EBPβ mRNA from C/EBPβm (0) is used to drive its stimulation effect.

At time zero, the system was assumed to be at steady-state, with Eqs. (19) and (21) yielding 

the following baselines:

ks, PEPCKm = kd, PEPCKm ⋅ PEPCKm(0) (22)

ks, PEPCK = kd, PEPCK ⋅ PEPCK(0)
PEPCKm

γ (0) (23)

where PEPCKm(0) is the baseline value of PEPCK mRNA, which was fixed to 209 fmol/g 

liver as measured in control animals in our previous report [11], and PEPCK(0) is the 

baseline-normalized value of PEPCK protein. The initial conditions of Eqs. (18) and (20) 

were fixed as 0. Equations (18) to (21) were modeled simultaneously and the obtained 

parameters were fixed in the following data analysis.

Glucose–insulin dynamics—Based on the mechanisms described above for systemic 

glucose control, the gluconeogenic effect of MPL (i.e. PEPCK enhancement) was linked to 

the observed elevation in plasma glucose concentrations. In addition, the hyper-glycemic 

effect was assumed to affect the rate of insulin synthesis, which would in turn alter the 

dynamics of glucose by stimulating its degradation rate. The model structure describing 

glucose-insulin interplay was adapted from an established disease progression model [23]. 

The following equations describe MPL/glucose/insulin inter-regulation:

dGluc
dt = ks, Gluc ⋅ 1 + SPEPCK

Gluc ⋅ PEPCK − PEPCK 0 −kd, Gluc

⋅ 1 + SIns
Gluc ⋅ Ins − Ins 0 ⋅ Gluc

IC = Gluc(0)
(24)

dIns
dt = ks, Ins ⋅ 1 + SGluc

Ins ⋅ Gluc−Gluc 0 − kd, Ins ⋅ Ins
IC = Ins(0)

(25)

where Gluc and Ins are plasma glucose and insulin concentrations, which are controlled by 

their zero-order production (ks,Gluc and ks,Ins) and first-order removal rates (kd,Gluc and 

kd,Ins). The fold-change in PEPCK protein expression from its baseline (PEPCK – 

PEPCK(0)) is assumed to stimulate ks,Gluc by the constant SPEPCK
Gluc . The change in plasma 

glucose concentrations from baseline (Gluc – Gluc(0)) in turn stimulates ks,Ins by the 

constant SGluc
Ins . Finally, the change in plasma insulin concentrations from baseline (Ins – 

Ins(0)) stimulates kd,Gluc by the constant SIns
Glu.

At time zero, the system was assumed to be at its physiological steady-state, with Eqs. (24) 

and (25) yielding:
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ks, Gluc = kd, Gluc ⋅ Gluc(0) (26)

ks, Ins = kd, Ins ⋅ Ins(0) (27)

where Gluc(0) was fixed to a mean value of 148 mg/dL as measured in control animals 

(group 2), and Ins(0) was fixed to a mean value of 0.24 ng/mL as reported from 

measurements in untreated control rats [23].

Acute phase response and lymphocyte dynamics—The CS have profound effects 

on circulating immunocompetent cells and are therefore employed for their immune-

modulating properties. A well-studied mechanism causing a suppression in circulating 

leukocytes is the redistribution of these cells out of the vasculature and into the extravascular 

tissue space [49–51]. Another important mechanism contributing to the transient 

lymphopenia by CS in rodents involves an induction of the apoptotic machinery in 

thymocytes, T cells, B cells, macrophages, mature dendritic cells, eosinophils, and natural 

killer cells [52], which requires functional GR and gene expression [53]. The hepatic APR 

plays a crucial role in the protection of tissues in response to potentially stressful or toxic 

stimuli, including CS exposure [26]. The CS stimulate the expression of acute phase 

proteins, including the serine anti-proteinases (Serpins), alpha-2-macroglobulin, and signal 

transducer and activator of transcription-3 (STAT3) [16]. Serpina1 (α1-antitrypsin) and 

Serpina3n (α1-antichymotrypsin) expression is up-regulated in response to hepatic stress in 

a STAT3-dependent manner [54, 55], and are correlated with the APR-induced apoptotic 

response. A model consisting of indirect responses, linear transduction, irreversible cell loss, 

and cell distribution processes was developed to recapitulate these mechanisms, which 

describe the direct (rapid) and the indirect (delayed) determinants of MPL on lymphocyte 

suppression.

Dynamics of STAT3

The model assumes that CS stimulate the synthesis rate of STAT3 mRNA (STAT3m). The 

synthesis rate of STAT3 protein was assumed to be under the control of STAT3m. The de 

novo synthesized STAT3 protein is then phosphorylated and translocates to the nucleus 

before exerting its PD effects, which were represented as rapid, linear transduction 

processes. The model equations are:

dSTAT3m
dt = ks, STAT3m ⋅ 1 + SDRn

STAT3m ⋅ DRn −kd, STAT3m ⋅ STAT3m IC
= STAT3m(0)

(28)

dSTAT3
dt = ks, STAT3 ⋅ STAT3m

γSTAT3 − kd, STAT3 ⋅ STAT3
IC = STAT3(0)

(29)
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dpSTAT3
dt = kSTAT3 ⋅ (STAT3 − pSTAT3) IC = 0 (30)

dpSTAT3N
dt = kSTAT3 ⋅ pSTAT3 − pSTAT3N IC = 0 (31)

where the STAT3 mRNA synthesis and degradation are controlled by rate constants 

ks,STAT3m and kd,STAT3m and stimulation by constant SDRn
STAT3m. The ks,STAT3 and kd,STAT3 

are production and degradation rate constants of STAT3 protein (STAT3). The γ3 parameter 

is an amplification factor representing the translational efficiency of STAT3 mRNA to 

protein. The presumed dynamics of phosphorylated STAT3 (pSTAT3) and nuclear pSTAT3 

(pSTAT3N) are driven by STAT3 at the first-order rate kSTAT3, which was fixed to a value of 

4.16 h−1 to denote the degradation half-life of pSTAT3, which is reported as approximately 

10 min in vitro [56].

At time zero, the system was assumed to be at steady-state, with Eqs. (28) and (29) yielding:

ks, STAT3m = kd, STAT3m ⋅ STAT3m(0) (32)

ks, STAT3 = kdSTAT3 ⋅ STAT3(0)
STAT3m

γ (0) (33)

where STAT3m(0) and STAT3(0) are baseline-normalized values of STAT3 mRNA and 

protein. The initial conditions of Eqs. (30) and (31) were fixed as 0.

Dynamics of serpins A1 and A3n

The enhancement of Serpins was assumed to be driven by pSTAT3N as follows:

dSerpina1
dt = ks, Serpina1 ⋅ pSTAT3N

λ1 − kd, Serpina1 ⋅ Serpina1
IC = Serpina1(0)

(34)

dSerpina3n
dt = ks, Serpina3n ⋅ pSTAT3N

λ2 − kd, Serpina3n ⋅ Serpina3n IC
= Serpina3n(0)

(35)

where Serpina1 and Serpina3n synthesis (ks,Serpina1 and ks,Serpina3n) and degradation 

(kd,Serpina1 and kd,Serpina3n) are controlled by rate constants, and λ1 and λ2 are power 

coefficients for the effects of pSTAT3N on Sepina1 and Serpina3n.

At time zero, the system was assumed to be at steady-state, with Eqs. (34) and (35) yielding:

ks, Serpina1 = kd, Serpina1 ⋅ Serpina1(0) (36)
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ks, Serpina3n = kd, Serpina3n ⋅ Serpina3n(0) (37)

where Serpina1(0) and Serpina3n(0) are baseline-normalized values of protein.

Lymphocytopenia—The following equations were applied in the modeling of trafficking 

and tissue apoptosis of lymphocytes:

dLY MB
dt = kin ⋅ LY MT ⋅ 1 − Cp

IC50 + Cp
− kout ⋅ LY MB

IC=LY MB(0)
(38)

dLY MT
dt = kout ⋅ LY MB − kin ⋅ LY MT ⋅ 1 − Cp

IC50 + Cp
− kapoptosis ⋅

∑Serpin ⋅ LY MT

IC=LY MT(0)

(39)

where movement of lymphocytes between blood (LYMB) and tissues (LYMT) are governed 

by first-order rate constants kin (from tissue to blood) and kout (from blood to tissue). The 

lymphocyte baselines in blood (LYMB (0)) and tissues (LYMT (0)) were fixed as 4.8 and 

475.2 K/μL. The IC50 is the drug concentration that inhibits kin by 50% and kapoptosis is a 

second-order rate constant controlling LYMT apoptosis. The variable ∑Serpin is the 

influence of the Serpins on lymphocyte apoptosis defined as:

∑  Serpin  = β1 ⋅ ( Serpina1  −  Serpina1 (0)) + β2 ⋅ (Serpina3n − Serpina3n
(0)) (40)

where β1 and β2 are the intrinsic activities of each individual Serpin protein on the apoptosis 

process.

Data analysis

Model fitting and nonlinear regression analysis—The ADAPT 5 software was used 

for all data fitting and simulation of model equations [57]. Parameter values employed in the 

final model were either fixed based on literature sources or estimated from the experimental 

data. The model was developed in three sequential phases: (i) assembly of the mechanistic 

model, (ii) fitting of molecular biomarkers, and (iii) fitting of systemic end-points. The 

maximum likelihood estimation (MLE) algorithm was applied for fitting the data. Replicate 

data at each time point from animals in each experiment were naïve-pooled. Separate 

variance models were specified for PK and PD outputs using:

V i = V (θ, σ, t) = σ1 + σ2 ⋅ Y θ, ti 2 (41)

V i = V (θ, σ, t) = σ1 ⋅ Y θ, ti σ2 (42)
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where Vi is the variance of the ith data point, σ1 and σ2 are the variance parameters, and Yi 

is the model predicted concentration or response. Variance parameters σ1 and σ2 were 

estimated along with model parameters during fittings. The goodness-of-fit was assessed by 

system convergence, visual inspection of the fitted curves, objective function values such as 

akaike information criterion (AIC), improved likelihood, examination of residuals, and 

precision (CV%) of the estimated parameters.

Model simulation and evaluation—The developed PK/PD/PG/PP model in Fig. 1 was 

applied to simulate and predict the dynamics of select pharmacodynamic responses under 

different scenarios, including different doses and dosing regimens of MPL in ADX rats. The 

final parameter estimates obtained from fitting experimental data in the current study were 

fixed and applied in the simulations. All simulations were performed using ADAPT 5. The 

simulated responses were compared to previously published data from the literature [23, 58]. 

In order to understand the relative contribution of a particular pathway and/or parameter to 

its associated response, the parameter value was either set to zero (i.e. process “turned-off”) 

or varied 0.1×, 2×, 5×, and 10× from the estimated value. The extent of change in the 

associated response was simulated.

Results

Pharmacokinetics of MPL and glucocorticoid receptor dynamics

Plasma MPL shows a bi-exponential decline after IV administration which was modeled 

with a two-compartment model with linear elimination. However, with IM administration, 

the PK profile showed peak plasma concentrations at the earliest time point measured and an 

increased half-life. To capture this behavior, two first-order absorption rate constants were 

used to describe the absorption of the drug from the site of injection. The PK profiles of both 

the IV and IM doses were modeled simultaneously and the model was able to adequately 

describe the profiles (Fig. 2). The CL (3.0 L/h/kg) and Vc (0.803 L/kg) values were similar 

to previously reported values (CL 3.48 L/h/kg and Vc 0.73 L/kg) in ADX rats after single 

doses of MPL [59]. Parameter estimates for MPL PK are provided in Table 1. The receptor 

mRNA, free cytosolic receptors, and nuclear drug-receptor complex concentrations were 

simulated following IM dosing of MPL using parameter values obtained from a previous 

report [36] (Fig. S1). Parameter values for receptor dynamics are provided in Table 1.

TAT dynamics

The temporal profiles of TAT mRNA, protein, and activity were well-captured by the model 

as shown in Fig. 3. Parameter estimates are listed in Table 2. TAT message expression began 

to increase about 1 h after MPL, peaked at 5 h showing an approximate two-fold increase, 

and returned to baseline between 18 and 30 h after dosing. The temporal profile of TAT 

mRNA was well-captured by the model, with an estimated SDRn,TATm of 0.002 nM−1 (48.1% 

CV) and kdeg,TATm of 0.22 h−1 (66.6% CV). The estimated degradation rate-constant for 

TAT mRNA was in close agreement with the value reported from normal rats (0.232 h−1) 

[9]. The expression of TAT protein followed a similar enhancement profile as its mRNA 

with a further onset delay of 0.5–1 h. Furthermore, TAT protein showed a six- to seven-fold 

increase at peak that occurred around 8 h, which was delayed compared to time of peak TAT 
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mRNA. The estimated kdeg,TAT value of 0.29 h−1 (73.6% CV) translates to an in vivo half-

life of 2.4 h, which is within the typical range reported in the literature (1.5–5 h) [60]. TAT 

activity showed an onset delay of about two hours, followed by a sharp rise to about 0.9/mg 

protein, and a decline to baseline by 24 h which paralleled the profile of TAT protein.

PEPCK-insulin-glucose dynamics

The temporal profiles of C/EBPβ mRNA, PEPCK mRNA and protein, glucose, and insulin 

were well-described by the model as shown in Fig. 4. Parameter estimates are provided in 

Table 3. The mRNA expression for the transcription factor C/EBPβ showed a sharp rise 

following MPL, peaking at 1–2 h after dosing (~ 3.5-fold) followed by a return to baseline 

by 18 h. The sharp enhancement of C/EBPβ by MPL can be attributed to its rapid loss-rate 

constant, which was estimated as 3.2 h−1 (35.0% CV). PEPCK mRNA also showed a rapid 

increase by 0.75 h. This early peak of 794 ± 112 fmol/g liver was followed by an immediate 

decline below baseline after 4 h. PEPCK protein, however, showed a rather different profile

—expression increased about three-fold from baseline by 5.5 h and returned to baseline by 

12 h. The model equations for the PEPCK regulatory network (Eq. 18 to 21), as fitted 

simultaneously to the PEPCK mRNA and protein time-courses, satisfactorily described the 

complex dynamics of PEPCK. The estimated kdeg,pck value of 0.3 h−1 (41.9% CV) 

translating to a protein half-life of about 2.3 h, is shorter compared to a previously reported 

value (5–6 h) [61]. The stimulatory efficiency of PEPCK protein via the biosignal 

representing CREB (SCREB,pck) was estimated as 0.004 nM−1 (32.9% CV) whereas 

SC/EBP,pck was fixed as 0.001. Plasma glucose concentrations rose from a baseline of about 

148 ± 28 to 208 ± 34 mg/dL by 8 h after MPL, followed by a return to baseline by 18 h. The 

profile of PEPCK protein was employed to stimulate the synthesis rate of plasma glucose 

concentrations with an estimated SPCK,glu of 0.33 (17.8% CV). Glucose-insulin interplay 

was adapted from an established disease progression model [23]. The change in plasma 

glucose from baseline stimulated the synthesis rate of insulin with an Sglu,Ins value of 0.5 

(47.5% CV), while the change of insulin concentrations from its baseline stimulated the 

removal rate of glucose with an SIns,glu value of 0.043 (77.2% CV).

Acute phase response and lymphocyte dynamics

With their anti-inflammatory properties, MPL affects immune cell trafficking and also 

induces the apoptosis-mediated death of immune cells via the acute phase response. The 

STAT3 transcription factor plays a central role in initiating the downstream activation of 

acute phase response proteins such as the Serpins. The time-course profiles of STAT3 

mRNA and protein, Serpina1, Serpina3n, and blood lymphocyte counts along with the 

model predictions are shown in Fig. 5. Parameter estimates are listed in Table 4. After MPL, 

both STAT3 mRNA and protein displayed robust time-dependent increases in expression. 

STAT3 mRNA was up-regulated (~ 2.5-fold) by 5 h and returned to baseline by 18 h, while 

STAT3 was enhanced to peak (~ 3.3-fold) by 8 h and showed a prolonged response before 

returning to baseline beyond 30 h. Consistent with the observed time profiles, the 

degradation rate-constants for STAT3 mRNA and protein were estimated as 0.33 h−1 (24.0% 

CV) and 0.12 h−1 (22.3% CV). The estimated in vivo STAT3 half-life of about 6 h (0.693/

kdeg,STAT3) is in reasonable agreement with that obtained from pulse-chase experiments in 

vitro using COS-7 cells (8 h) [62]. While both Serpins peaked between 8 and 12 h, Serpina1 
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protein expression was enhanced to a lesser extent compared to Serpina3n (2.5-fold vs. 5-

fold). The power coefficients λ1 and λ2 for pSTAT3N effects on Serpina3n and Serpina1 

were 1.5 (17.5% CV) and 0.6 (20.9% CV), accordingly. The model tended to over-predict 

the peak and return of Serpina3n expression. Blood lymphocyte counts showed a baseline 

around 5.0 K/μL in control animals. The cell counts in blood showed a decrease after MPL 

dosing reaching a nadir of around 0.8 K/μL (five-fold decrease) at 8 h after dosing. The cell 

counts attained a new lower steady-state baseline value around 3.5 K/μL. The proposed cell 

trafficking-apoptosis model captured both the initial fall in blood lymphocyte counts and the 

return back to the new steady-state reasonably well. The kout of 0.23 h−1 (5.0% CV) 

suggests that the half-life of blood lymphocyte movement from blood to tissues is about 3 h. 

The value of kin is much lower than kout primarily due to the very large peripheral pool 

compared to blood. Due to overparameterization, the IC50,MPL inhibiting the movement of 

cells from tissues to blood was fixed to 6.15 ng/mL based on literature estimates [58]. For 

the same reason, the intrinsic activity parameters β1 and β2 controlling Serpin-mediated 

apoptosis of tissue lymphocytes were fixed to 1 (i.e. equal contributions assumed).

Model simulation and validation

The dynamic profiles of TAT mRNA, protein, and activity were simulated using an MPL 

dosing regimen of 0.3 mg/kg/h SC infusion over a seven-day period. As shown in Fig. 6, the 

predicted profiles were compared with hepatic TAT mRNA and activity measures obtained 

from a previous chronic infusion study [58]. The MPL clearance value was adjusted to 5.61 

L/h/kg based on a previous estimate at lower drug exposures [58]. While the model 

underestimated the peak of TAT mRNA, it was able to capture the general trend of the rather 

variable data. The simulated profile of TAT protein was linked to TAT activity, which was 

captured well by the model after adjusting for the baseline value of TAT activity in this 

cohort of animals. Similarly, MPL PK, PEPCK protein, and plasma glucose and insulin 

concentrations were simulated at an IV bolus dose of 10 mg/kg in ADX rats. As depicted in 

Fig. 7, the predicted profiles were superimposed on previously published profiles of plasma 

drug PK, glucose, and insulin concentrations [23]. The model was able to satisfactorily 

capture the extent of the glucose and insulin spikes following the 10 mg/kg IV dose of MPL. 

Simulations were performed to assess the relative influence of the serpin-driven kapoptosis 

parameter on lymphocyte apoptosis versus the trafficking process in contributing to the 

observed decreases in circulating lymphocyte counts. The kapoptosis parameter was set to 

zero and also varied 0.1×, 2×, 5×, and 10× from the estimated value to observe the 

associated change in blood lymphocyte profiles. Model simulations suggest that the initial 

drop in cell counts to the nadir is driven largely through the inhibition of cell trafficking 

whereas the extent of decrease in counts upon return to baseline is controlled by the rate of 

cell apoptosis (Fig. S2). The time taken to return back to a given steady baseline, however, is 

dependent upon the drug concentration producing 50% inhibition of movement of cells from 

tissues to blood (IC50, MPL).

Discussion

The receptor-mediated pharmacodynamics of CS has been of interest in our laboratory for 

over three decades [35, 36, 59, 63, 64]. This report extends these studies with additional 
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biomarkers to demonstrate that MPL elicits pharmacodynamic/toxicodynamic responses 

through down-stream effects controlled by receptor/gene/protein-mediated signaling. 

Although efficacious as anti-inflammatory agents, the CS evoke adverse metabolic effects in 

various organs, including liver, through coupled genomic mechanisms. We present a 

mechanistic model-based platform (Fig. 1) to evaluate the role of mRNA and protein 

biomarkers in regulating the exposure–response relationships of MPL to select efficacy and 

toxicity end-points measured in steroid-treated ADX rats.

Temporal responses of several mRNA and proteins revealed that biological cascades 

remained active well after the drug was cleared from the system (Figs. 2, 3, 4 and 5). Of 

interest was to examine the complementarity (or lack thereof) in mRNA and protein 

dynamics within the signaling cascades studied. A concordance of about 40–50% between 

mRNA and protein profiles was reported in a previous global analysis of these—omic 

datasets [65]. While direct transcription-mediated changes were readily established for TAT 

and STAT3, a disconnect between PEPCK mRNA and protein dynamics was evident. This 

disconnect was explained through secondary/post-transcriptional gene regulation mediated 

by the transcription factors CREB (presumed biosignal in the absence of data) and C/EBP-β. 

Since proteins are regarded as the mediators of functional changes, protein dynamics were 

linked to final pharmacodynamic outcomes.

TAT dynamics

As prototypic biomarkers of receptor/gene-mediated CS effects, TAT mRNA and enzyme 

activity have been frequently quantified in our experimental studies [9, 58, 59, 66]. The 

development and application of quantitative nano-LC/MS methods [28] enabled the 

measurement of TAT protein, allowing a complete characterization of the signal transduction 

pathway. Time-dependent increases in TAT mRNA, TAT protein, and associated activity 

proceeded as cascading events. Changes in mRNA expression caused by the activated drug-

receptor complex were translated into changes in protein expression and subsequently 

changes in enzyme activity. Power coefficients were needed to optimally capture the profiles 

of TAT protein and TAT activity. The model was able to predict both hepatic TAT mRNA 

and activity in ADX rats given a different dosage regimen (0.3 mg/kg/h SC for 7 days), 

including their attainment of a new pharmacodynamic steady-state (Fig. 6). Interestingly, our 

previous fifth-generation model [58] showed a decoupling between prediction of TAT 

mRNA and activity upon chronic MPL. Among other mechanistic hypotheses such as 

secondary regulation by insulin or cAMP [58], protein translation of TAT from its mRNA 

may also serve as a rate-controlling step, as illustrated in this study.

PEPCK–insulin–glucose dynamics

Blood glucose homeostasis is sustained mainly through the balance between hepatic glucose 

output (HGO) and glucose uptake primarily by brain, muscle and adipose tissue [67]. Liver 

is the major site for gluconeogenesis and also a primary metabolic target of CS. The present 

model sought to quantitatively describe the signaling processes controlling the MPL-induced 

rise in blood glucose by understanding the regulation of the rate-limiting gluconeogenic 

enzyme, PEPCK, at the mRNA and protein levels along with its secondary regulatory 

mechanisms. The dynamics of C/EBP protein is an important transduction step and an 
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appropriate driver of post-transcriptional PEPCK regulation. C/EBP protein abundance, 

however, was not identified within our proteomics dataset. Hence, C/EBP mRNA served as a 

surrogate marker. While an additional transit step could have been employed to represent 

C/EBP protein dynamics, the model would have become overparameterized, since a transit 

step representing CREB signal was already applied within this regulatory network. The 

current model is limited in that the roles of skeletal muscle and adipose tissue in the 

development of insulin resistance, which also contribute to increases blood glucose were not 

accounted for. While a multi-organ model of glucose regulation by transcriptomic CS 

actions has been reported [67], our goal in this analysis was to link protein-level measures to 

PD outcomes. While the present model could adequately predict glucose and insulin 

dynamics from a different acute dosing study (Fig. 7), caution must be taken in extrapolating 

the model to long-term dosing regimens, where insulin resistance becomes of particular 

importance. Additional experiments to assess protein-level changes in insulin resistance 

genes in adipose and muscle would allow for expansion of the present model to account for 

this pathophysiological process. Under homeostasis, glucose concentrations are controlled 

not only by PEPCK and insulin but also by other signaling factors such as cAMP, glucagon, 

and free fatty acids, which are linked to feeding [7]. This model assumes that in the presence 

of exogenous corticosteroid, the induction of gluconeogenesis, as evidenced by strong 

enhancement of PEPCK expression, is the primary driver of hyperglycemia. In our 

experimental study, animals were not fasted at any time, had free access to food and water 

during these studies, and food intake is gradual rather than rapid as with meals in humans. 

Food intake can also influence baseline glucose and insulin concentrations, which were not 

accounted for in this model. However, this current model can be expanded to include the 

effects of food intake on glucose homeostasis as well as the effect of MPL on food intake 

based upon previous work.

Acute phase response and lymphocyte dynamics

The response of blood lymphocytes to systemic administration of various CS including 

dexamethasone, MPL, and prednisolone have been assessed in humans [27, 68, 69]. In those 

studies, lymphocytopenia induced by CS was accounted for only by cell trafficking. The 

data revealed that human blood lymphocytes returned to a baseline circadian rhythm by 24 

h. However, in this study and in normal male rats [5], blood lymphocyte numbers were 

significantly reduced even beyond 60 h after MPL dosing. This discrepancy may be 

attributed to two reasons. First, human lymphocytes are more resistant to the apoptotic 

machinery induced by CS. Second, the doses used in the human studies were relatively low 

compared to the dose used in these rodent studies. The CS elicit prominent acute phase 

protein responses, especially at high doses. Among these, up-regulation of STAT3 was for 

the first time observed as a result of CS. STAT3 is capable of increasing the expression of its 

corresponding down-stream acute phase proteins [70], e.g. Serpin proteins, which is 

consistent with our findings. Moreover, STAT3 has a GRE in its highly conserved promoter 

region as suggested from Gene2promoter (Genomatix, Munich, Germany), indicating that 

the elevation of STAT3 occurred via receptor/gene-mediated signaling induced by MPL. The 

concordant up-regulation of both STAT3 mRNA and protein supports the proposed 

mechanism for enhanced expression of STAT3. The present model assumes that the 

production and elimination of lymphocytes from the lymphoid system are balanced and do 
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not contribute to the observed drug response within the study period. Reflected by the model 

parameters are the pooled responses of several types of lymphocytes, since this model does 

not account for differences in the sensitivity of lymphocyte subpopulations to CS.

Culminating from the modeling of the chosen biological systems were quantitative 

descriptions of three distinct modes of molecular CS actions. These mechanisms include: (i) 

simple, direct transcription-mediated signaling as employed for describing the TAT pathway, 

(ii) secondary and/or post-transcriptional regulation of mRNA-protein expression, as used to 

characterize PEPCK regulation by C/EBP and CREB, and (iii) downstream activation of 

proteins lacking direct GREs via upstream signaling molecules (i.e. serpin activation via 

STAT3-signaling). While the mechanisms characterized in this model apply to CS actions, 

such types of genomic control should be generalizable to other drugs acting through similar 

mechanisms. An extended PK/PD/PG/PP paradigm that builds upon a previous generalized 

model by Jin et al. [11] is introduced (Fig. 8). Upstream activation of receptors by drug at 

the sites of action(s) would promote DNA binding and consequent alterations in the 

production rate (kin) or the removal (kout) of target mRNAs. Changes in target mRNA 

expression is assumed to drive subsequent protein dynamics. Drugs producing large-scale 

perturbations such as CS may also affect other endogenous regulatory mechanisms such as 

hormones, cytokines, microRNA, and ligand-specific mRNA decay mechanisms [11, 45, 71] 

that secondarily regulate mRNA during transcription, and proteins at the post-transcriptional 

and translation stages. Such processes may be described by either incorporating “real” 

measurements of the endogenous regulator or more simply by linear transduction, with a 

rate-limiting first-order rate constant in the absence of data. Signal transduction steps 

occurring along the pathway to produce a final response can be modeled by linking the 

major proteins involved in that pathway, or represented empirically as transit steps, 

depending upon the data available and the extent of onset delay in final response.

Basic “mechanism-based” PK/PD models tend to incorporate one or more of the major rate-

limiting processes, including pharmacokinetics, receptor binding, and/or homeostatic 

mechanisms controlling drug responses [72]. Such models typically seek parsimony and 

robust statistical reliability of model parameters. Systems-based models, on the other hand, 

employ “bottom-up” approaches to describe in detail systems or network-based structures in 

order to generate biological/pharmacological hypotheses in silico. One of the challenges 

addressed in the development of our current CS systems PKPD model, which sought to 

combine systems structures with fundamental PK/PD principles [73] was finding a suitable 

‘middle ground’ between model parsimony and a more incisive recapitulation of mechanistic 

complexity within the system. In this effort, some unidentifiable model parameters were 

fixed based on available experimental evidence, and some biochemical species were 

represented as empirical transit compartments where necessary, while the major rate-limiting 

steps were captured by appropriate model fitting to data.

Certain limitations exist within our study paradigm. Male ADX rats were used in our 

experiments to prevent the confounding effects of endogenous corticosterone and to enact 

stable pharmacodynamic baselines. In reality, several steroid-regulated hormones, mRNAs, 

and proteins display circadian rhythms [7, 13], which were not considered in this analysis. 

The microarray and proteomic data were obtained from two separate but very similar animal 
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studies, with the only major difference being that the gene expression analysis were 

performed in rats given an IV dose (group 1) whereas the proteomic measurements were 

performed in rats given an IM injection of MPL (group 2). In our earlier studies, IV doses 

was administered through an implanted jugular vein cannula in order to precisely time the 

administration of drug. The route of administration was changed because subsequent studies 

demonstrated that the more convenient IM dosing can replace the IV route without causing 

marked differences in gene-mediated pharmacodynamics [34]. The IM dosing route is easier 

for time-controlled administration with no cannulation required. While the kinetics 

following IM and IV were modestly different, previous experiments combined with 

simulations showed that profiles of cytosolic free receptor density and drug receptor 

complex in the nucleus were similar following both routes. Simulated profiles of GR 

mRNA, cytosolic receptor density, and nuclear complex in group 2 animals (Fig. S1) were 

comparable with receptor dynamics from previous IV studies [36]. This phenomenon 

conceivably explains the nearly identical profiles seen for TAT mRNA dynamics following 

IM and IV dosing [34]. The nuclear complex profile that drives gene expression dynamics 

showed rapid rises following either dosing route. Therefore, estimates of transit parameters 

are unlikely to be strongly affected. In some cases, simultaneous estimation of several 

parameters using single-dose data led to generation of parameter estimates with high CV%. 

Therefore, these parameters were fixed to values obtained from more parsimonious PD 

models fitted to multiple-dose data [23, 58], thereby providing confidence in their values. In 

the case of the parameter, kstat3, the data at hand was not able to support its estimation. 

Therefore, in vitro information from the literature [56] was leveraged to identify a 

biologically plausible value. Although the model was developed based on a single dose 

using linear effect terms, the final model showed good predictivity at lower doses and 

different dosing regimens. Despite these limitations, the signaling model offers a 

mechanism- based description of CS effects, provides a biomarker driven molecular- to-

whole body translational approach, and serves as a platform for further testing and 

exploration of mechanistic hypotheses.

In summary, we present a mechanistic model that integrates and evaluates the role of mRNA 

and protein biomarkers as well as secondary mediators as they relate to the exposure–

response relationships of MPL with TAT dynamics, glucose homeostasis, and lymphocyte 

modulation. This study exemplifies the importance of capturing the dynamics of critical 

molecular biomarkers or mediators and their utility in the development of mechanistic 

pharmacodynamic models that link pharmacokinetics to various therapeutic and toxic 

responses. Finally, the model offers a mechanism-based platform to explore dosing 

schedules for enhancing immunosuppressive efficacy while minimizing adverse metabolic 

toxicities and immune cell apoptosis.
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Fig. 1. 
Schematic of systems pharmacodynamic model linking methylprednisolone 

pharmacokinetics, glucocorticoid receptor dynamics, and hepatic mRNA and protein 

biomarkers to select efficacy and toxicity end-points in rats. Stimulation is denoted as open 

rectangles and inhibition is denoted by closed rectangles. Heavy lines reflect turnover while 

broken lines reflect effects. Symbols are defined in the tables
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Fig. 2. 
Pharmacokinetics of MPL in adrenalectomized male rats. Simultaneous fitting results of 

MPL pharmacokinetics in plasma (Eqs. 1 to 3) upon administration of 50 mg/kg intravenous 

(IV) injection of MPL (left panel) and following 50 mg/kg intramuscular (IM) injection 

(right panel). Solid lines represent model fittings, circles are means, and error bars are 1 

standard deviation (SD) (n = 3–6 rats per point)
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Fig. 3. 
Hepatic TAT mRNA (left panel), TAT protein (center panel), and TAT activity (right panel) 

dynamics after 50 mg/kg MPL. The circles and bars are means + 1 SD and solid lines depict 

model (Fig. 1) fitting results based on the parameters shown in Tables 1 and 2
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Fig. 4. 
Hepatic C/EBP-β mRNA (top left panel), PEPCK mRNA (middle left panel), PEPCK 

protein (middle right panel), plasma glucose (bottom left panel), and plasma insulin (bottom 

right panel) dynamics after 50 mg/kg MPL. The circles and bars are means + 1 SD and solid 

lines depict model (Fig. 1) fitting results based on the parameters shown in Tables 1 and 3
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Fig. 5. 
Hepatic STAT3 mRNA (top left panel), STAT3 protein (top right panel), Serpin A1 protein 

(middle left panel), Serpin A3n (middle right panel), and blood lymphocyte (bottom left 

panel) dynamics after 50 mg/kg MPL. The circles and bars are means + 1 SD and solid lines 

depict model (Fig. 1) fitting results based on the parameters shown in Tables 1 and 4
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Fig. 6. 
Hepatic TAT mRNA (left panel), TAT protein (center panel), and TAT activity (right panel) 

dynamics during a 0.3 mg/kg/h SC infusion of MPL for 7 days. Each circle is an individual 

measurement from one rat and solid lines depict simulated predictions performed based on 

the developed model (Fig. 1) using parameters shown in Tables 1 and 2. Data were from a 

previous report. Reproduced with Permission from Ramakrishnan et al. [35]
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Fig. 7. 
Plasma PK of MPL (top left panel), plasma insulin (top right panel), hepatic PEPCK protein 

(bottom left panel), and plasma glucose (bottom right panel) dynamics following a 10 mg/kg 

IV bolus of MPL. Circles are measurement from single rats and solid lines depict simulated 

predictions performed based on the developed model (Fig. 1) using parameters shown in 

Tables 1 and 3. Data were from a previous report. Reproduced with Permission from Jin and 

Jusko [23]
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Fig. 8. 
Generalized model of primary and secondary drug effects occurring at the scales of mRNA 

and protein regulation. The dashed circles represent downstream proteins involved in the 

signal transduction and mediation of pharmacodynamic responses. The dotted lines and 

symbols indicate stimulation (open symbol) and inhibition (solid symbol) of the various 

turnover processes (solid lines) via indirect mechanisms. The rectangles represent primary 

drug action. The ellipses represent secondary drug effects via secondary mechanisms
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